We compared antegrade with retrograde liver perfusion when isolating mouse hepatocytes for hepatocyte transplantation. Male mouse hepatocytes were isolated by different perfusion methods and transplanted into the spleen of congeneic female mice. Retrograde perfusion yielded a larger number of cells (4.90 × 10 7 ) than antegrade (4.09 × 10 7 , p < 0.05), but hepatocytes obtained by antegrade perfusion gave higher engraftment efficiency (p < 0.05). More of the transplanted hepatocytes could be recovered from recipient liver with antegrade perfusion than with retrograde perfusion (p < 0.05). Our results indicate that hepatocytes isolated by antegrade perfusion gave a higher engraftment efficiency.
INTRODUCTION
commercially available monoclonal antibody kits against mouse antigens. Despite all the improvements in hepatocyte isolation, Extensive laboratory work and recent clinical studies suggest that hepatocyte transplantation is a promising not all hepatocytes in a liver can be isolated by collagenase perfusion. This probably results in isolation of dif-therapy in acute and metabolic liver disease (6, 9, 12, 17) . Hepatocyte transplantation has many advantages. It is ferent hepatocyte subsets with different perfusion methods. This could be of importance because different technically simple and hepatocytes from one liver could be transplanted into multiple recipients.
hepatocyte subsets have been shown to possess different proliferative capacity after transplantation (8, 13, 15, 18, 24) . The first step in hepatocyte transplantation is to obtain primary hepatocytes. Primary hepatocytes have been
In the present study, we isolated mouse hepatocytes with antegrade perfusion and retrograde perfusion and isolated by various methods, including mechanical, chelation using citrate or EDTA, enzymatic dispersion with evaluated hepatocyte yield and viability. The aim of the study was to compare engraftment efficiency of isolated collagenase, and combinations of these techniques. Currently, the two-step collagenase perfusion technique in-hepatocytes obtained by the two different perfusion methods in a mouse model of intrasplenic hepatocyte troduced by Berry and Friend (3) is widely used.
In small animals two methods of the two-step colla-transplantation. genase perfusion are in use: antegrade perfusion via the portal vein or retrograde perfusion via the inferior vena MATERIALS AND METHODS cava. Data from Aiken (1) showed that retrograde perfu-Animals sion gave the optimal hepatocyte yield and viability in rats. To our knowledge, no evidence has been shown Experiments were performed on adult female and male C57BL/6 mice 10-14 weeks old (females, 22-25 that retrograde perfusion gives the same results in mice. The use of mice has several experimental advantages g and males, 24-26 g, B&K Stockholm, Sweden). The animals were not stratified according to age. In order over using rats in hepatocyte transplantation, such as lower cost, various transgenic mouse models, and more to confirm the presence of engrafted hepatocytes in the 860 YIN, ELLIS, AND NOWAK recipient's liver, sex difference between the donor and staltic pump (MP-GE, ISMATEC SA, Switzerland). The diaphragm was incised and inferior vena cava clamped recipient was used. Hepatocytes were isolated from male mice and female mice were used as the recipient. Local in the thorax, and then the infrahepatic IVC or the portal vein was incised to allow efflux. The liver was first Ethics Committee at Karolinska Institute approved all animal procedures and the mice were treated in accor-perfused with calcium and magnesium-free Hank's balanced salt solution, containing 10 nM ethylenediamine-dance with Swedish regulations and laws for care and use of laboratory animals. tetraacetic acid (EGTA) and 10 nM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), at 5 ml/min Experimental Design for 10 min. The liver was then perfused with minimum essential medium (MEM) containing 0.5 µg/L collagen-The experimental design incorporated a three-step ase P (Roche Diagnostics GmbH, Mannheim, Germany) process.
at 5 ml/min. All perfusion solutions were preheated and Step I. Six mice were used to evaluate the contribumaintained at 37°C. Perfusion was considered successtion of liver lobes in order to accurately determine the ful when the whole organ was completely blanched and degree of hepatectomy. Another 12 mice were used to the endpoint when the tissue was visibly digested and analyze the yield and viability of hepatocytes, which the capsule started to separate from the surface. were isolated by antegrade perfusion (n = 7) or retro-Just before procurement, the liver was also perfused grade perfusion (n = 5).
with 3 ml of chilled MEM (4°C). The liver was removed Step II. In order to investigate whether hepatocytes and placed in a dish with MEM on ice and agitated genobtained by different perfusion methods have different tly after opening the liver capsule. The suspension with engraftment efficiency, six female mice were transreleased cells was first filtered through two-layer steriplanted with male hepatocytes from six different donors lized gauze, centrifuged at 50 × g for 2 min and washed obtained with antegrade liver perfusion and six female with MEM three times. Before the last centrifugation, mice were transplanted with male hepatocytes from six the cell suspension was filtered through a 100µm nylon different donors obtained with retrograde liver perfumesh to remove cell clumps and viability determined by sion. Hepatocyte transplantation was performed by intrypan blue exclusion in a hemocytometer (11). Only jection of isolated hepatocytes into the spleen following hepatocytes from perfusions with viability of more than a partial hepatectomy. Ten days after transplantation, en-85% were used for further transplantation. The hepatograftment efficiency of transplanted hepatocytes in recytes were kept in MEM on ice prior transplantation and cipients' liver tissue was measured.
transplanted within 3 h after isolation.
Step III. Based on results from steps I and II, ante-Hepatocyte Transplantation grade perfusion-obtained male hepatocytes were transplanted into female mice. Hepatocytes were transplanted
In recipient female mice under isoflurane anesthesia, intrasplenically following partial hepatectomy. Ten days the left and median lobes of the liver (55-60% hepatecafter transplantation, hepatocytes from recipients' liver tomy) except the gallbladder were removed by the modiwere isolated by antegrade perfusion (n = 4) or retrofied method of Higgins (11) through an upper abdominal grade perfusion (n = 6). The proportion of male hepatotransverse incision. Two million male hepatocytes suscytes in the isolated hepatocytes as well as the remaining pended in 200 µl MEM were slowly injected into the residual tissue was measured by analysis of male and lower pole of the spleen with a 29-gauge needle, and female DNA using real-time PCR.
hemostasis was secured with a ligature encircling the injection site. The abdominal wall was closed in two Hepatocyte Isolation layers with a running suture. After surgery, mice were kept under a heating lamp for recovery from anesthesia Procurement of liver for hepatocyte isolation was performed under gas anesthesia with Isoflurane (Fluovac with access to water and standard rodents chow ad libitum. All surgeries were performed under sterile condi-Unit, IMS, Cheshire, UK). After sterilizing the skin, the abdomen was opened via an upper abdominal transverse tions between 1000 and 1400 h to control for diurnal variation. incision, exposing the portal vein and the infrahepatic inferior vena cava (IVC). A 22-gauge IV cannula (BD Genomic DNA Extraction Venflon, Helsingborg, Sweden) was inserted into the portal vein in the antegrade perfusion group or into the After homogenization of the whole liver, 200 µl of the homogenate was taken for further genomic DNA pu-infrahepatic IVC in the retrograde perfusion group. The cannula was secured using 6-0 silk ties and then was rification. DNA from liver homogenate or hepatocytes was extracted using the Easy-DNA Kit (Invitrogen, connected to the perfusate tube, avoiding introduction of air. The flow rate, 5 ml/min, was controlled by a peri-Scotland) according to the manufacturer's instructions.
DNA concentration was measured by optical determination and required concentration of hepatocyte DNA adjusted with 1 × Tris-HCl EDTA buffer.
Quantitative Real-Time PCR
Real-time polymerase chain reaction (PCR) was performed using a Prism 7000 sequence detection system (SDS) (Applied Biosystems, USA). DNA template (1 µg) was analyzed in triplicate 25-µl reaction volumes using Platinum SYBR Green qPCR SuperMix (Invitrogen, Scotland) according to the manufacturer's instructions. Initial PCR amplifications were carried out to determine optimal primer concentrations according to guidelines from the manufacturer (Applied Biosystems, phase of the PCR amplification plot were exported directly into Microsoft Excel worksheets for further analysis. For each amplicon generated by the SYBR Green RESULTS PCR assay, melting temperatures (T m s) were analyzed using the ABI Prism SDS Software (Applied Biosys-
Step I tems, USA). Known male hepatocyte DNA was used as
Contribution of the Mouse Liver Lobes. Weight of positive control, and female hepatocyte DNA and PCR the liver lobes was measured in order to calculate accureagents without template DNA were used as a negative rate degree of hepatectomy. Liver weight: 1.266 ± 0.122 control.
g; left lobe: 0.396 ± 0.043 g; left middle: 0.185 ± 0.019 g; right middle: 0.220 ± 0.020 g; superior right: 0.205 ± Primers 0.026 g; inferior right: 0.168 ± 0.018 g; anterior caudate: 0.038 ± 0.005 g; posterior caudate: 0.055 ± 0.005 g. The All primers were designed in Primer Express 2.0 (Aprelative contribution of individual lobes to the total liver plied Biosystems, USA) based on the gene sequences of weight was calculated. mouse sex-determining region Y (Sry) and 18S. The primers used were: Sry-forward 5′CCTGCAGTTGC Volume of Collagenase Perfusate. Even though both CTCAACAAA-3′ and reverse 5′GCCTGTATGTGAT techniques were carried out until the liver was com-GGCATGTG-3′; 18S-forward 5′CACGGCCGGTA pletely digested, more collagenase perfusate was con-CAGTGAAA-3′ and reverse 5′AGAGGAGCGAGC sumed in retrograde perfusion (44.6 ± 1.5 ml, n = 5) than GACCAA-3′. 18S was used as positive control of DNA in antegrade perfusion (37.4 ± 1.2 ml, n = 7; p < 0.01). quality.
Yield and Viability of Isolated Hepatocytes. Compared to antegrade perfusion, more hepatocytes were re-Construction of Standard Curve covered by retrograde perfusion (Table 1) . This was true with respect to total hepatocytes or in the number of After extracting DNA from male and female mouse hepatocytes per gram body weight. There was no signifihepatocytes, serial mixtures (1:100.000, 1:10.000, 1: cant difference in the viability between the two tech-1.000, 1:100, and 1:10) of male DNA in female DNA niques. (total DNA amount 100 ng) were made. The standard curve was established by the Ct values (y-axis) and the
Step II: Engraftment Efficiency minus Log of male DNA ratio (x-axis, Fig. 1) .
of Transplanted Hepatocytes Two million hepatocytes isolated by antegrade perfu-Statistical Analysis sion or retrograde perfusion were transplanted to female mouse intrasplenically following a partial hepatectomy PRISM Software (GraphPad, San Diego, CA, USA) was used for data analysis and linear regression analysis (55-60%). Among the transplanted mice, two died within 1 h postoperatively due to surgical complications of the standard curve. Data are expressed as mean ± SD and the significance of difference between groups was (one from each group). There was no difference in body weight of mice between groups before or 10 days after analyzed by Student's t-test. A value of p < 0.05 was considered as significant.
surgery (24.0 ± 0.7 vs. 23.6 ± 0.9 g, p = 0.7 and 23.6 ± 0.5 vs. 22.4 ± 0.7 g, p = 0.2). DNA analysis revealed a significantly higher engraftment efficiency in mice transplanted with hepatocytes isolated by antegrade perfusion (0.59 ± 0.05%) compared to mice transplanted with hepatocytes obtained by retrograde perfusion (0.43 ± 0.04%; p < 0.05) (Fig. 2) .
Step III: Isolation of Transplanted Hepatocytes Twelve female mice were transplanted with 2 million male hepatocytes from different donors (antegrade isolation) following a partial hepatectomy (55-60%). Two mice died within 1 h posttransplantation due to surgical complications. Ten days after transplantation hepatocytes were isolated with antegrade or retrograde perfusion. In two mice we failed to cannulate the portal vein (antegrade perfusion) due to severe adherence and therefore changed to the perfusion via infrahepatic IVC (ret- after retrograde perfusion compared to antegrade perfu-Overturf and colleagues (18) reported that small sized (16 µm) hepatocytes had lower repopulation capacity sion (0.74 ± 0.10% vs. 0.20 ± 0.08%, p < 0.01) (Fig. 4) .
during the first round of transplantation when compared DISCUSSION to medium (21 µm) and large (27 µm) sized cells in mice. Katayama and colleagues (15) found small hepa-In our present study, the success rate of antegrade perfusion was 93%. We believe that the upper abdomi-tocytes (SHs) displayed approximately three times more proliferative capacity than the original population of pa-nal transverse incision is more useful than the midline incision for exposure of the portal vein. With respect to renchymal hepatocytes (PHs) 21 days after transplantation in rats. A report from Ise et al. (13) showed that retrograde perfusion, puncture of the infrahepatic IVC is easier, but it needs tissue dissection prior to proper hepatocytes with low asialoglycoprotein receptor (ASGPR) expression have a high repopulation capacity 60 days cannulation. Before puncture, the ligament between the inferior right lobe and the surface of the infrahepatic after transplantation. So far, it remains undetermined which subset of hepatocytes possess high regenerative IVC should be first cut, and the segment of the infrahepatic IVC above the right renal vein separated. This part ability after transplantation (22) . Our results in Step I showed that the collagenase per-of IVC is short and the wall is thin, so the operation should be done carefully. After the puncture, additional fusion method does not isolate the total hepatocytes of a liver. Estimates suggest that retrograde perfusion can steps in retrograde perfusion are needed, such as clamping of the suprahepatic IVC. If we clamp it above the lead to isolation of about 81.7% of total hepatocytes, while 68.2% of hepatocytes can be isolated in antegrade diaphragm, the left infradiaphragmatic vein can bypass the perfusate. On the other hand, if we clamp it below perfusion. It is logical to suggest that hepatocytes isolated by these two different perfusions could possess dif-the diaphragm, the perfusion is usually affected. Our experience is to clamp the thoracic IVC and the left infrad-ferent engraftment or regenerative ability after transplantation. iaphragmatic vein together after opening the diaphragm. Although antegrade perfusion requires more skillful sur-Transplanted hepatocytes survived readily in organs containing sinusoids, such as the liver and the rat spleen. gery, our experience is that there are no differences in operation time between antegrade perfusion and retro-However, the mouse spleen lacks sinusoids and transplanted hepatocyte survival rate was lower in the spleen grade perfusion. While failing to antegrade cannulate, retrograde cannulation can become a remedy. However, (11). Therefore, we checked the rate of hepatocyte engraftment in mouse liver. Usually the hepatocyte en-if failure occurred in retrograde cannulation, the chance of antegrade cannulation is usually also lost because of graftment rate after one cell infusion is lower than 1% of the total liver mass. In our study, quantitative real-low portal vein pressure. We believe that retrograde perfusion has no surgical advantage, but antegrade perfu-time PCR (Q-PCR), which was sensitive enough to detect 0.001-0.01% donor cells (5,7,19,25), was used for sion requires more training. Sry detection. In order to avoid sampling error the whole efficiency was 0.43% or 0.59% in a recipient's liver tissue. liver was homogenized prior to DNA extraction. Our results showed that hepatocytes isolated by antegrade
In conclusion, our results indicate that the hepatocytes isolated by antegrade perfusion have a higher en-perfusion have a higher engraftment efficiency. Because the difference of the two perfusion methods is the re-graftment efficiency than hepatocytes isolated by retrograde perfusion. We suggest that antegrade perfusion verse perfusion direction in the acinus, which is the smallest functional unit of the liver, we believe that may contain a higher percentage of hepatocytes from zone 1. these two different perfusion methods isolate cells from different parts of the acinus. The distance between a por-REFERENCES tal tracts and a central vein in an acinus is divided into perfusion methods contained different proportions of
